The rare-earth bentonites were prepared from Ca-bentonite by suspending Ca-bentonite in rare-earth (Ce, La, Y) perchlorate solution. 57 Fe Mössbauer spectra of rare earth montmorillonites before heat treatments showed a doublet envelop at room temperature, reflecting dominantly Fe 3+ assigned to (cis) octahedral site in the montmorillonite. At the same time, the 80 K spectra of these rare-earth exchanged montmorillonites revealed an additional magnetically split component, too, associated with iron atoms intercalated in the interlayer space. In the case of heat treated samples (250°C, 360°C and 500°C for 4 h), a new doublet component associated with Fe 3+ at trans octahedral site, appeared in both the 295 K and 80 K Mössbauer spectra. Powder X-ray diffractometry (XRD) measurements of the heat treated rare earth montmorillonites revealed that a gradual mineral phase transformation of montmorillonite to muscovite occurred upon the applied heat treatments, being consistent with the completing electron magnetic resonance (EMR) and Mössbauer spectroscopy (MS) results.
Introduction
Mössbauer spectroscopy has already been successfully applied to show the incorporation of Fe ion into the interlayer space of montmorillonites [1, 2] . An unexpected magnetically split component was observed in the 57 Fe Mössbauer spectra of certain rare earth (e.g. La, Ce, Gd) cation exchanged montmorillonites at 78 K [3, 4] indicating Fe ions moving from their octahedral site into the interlayer space.
Our present aim is to study the effect of heat treatment of rare earth montmorillonites on the variation of iron microenvironments by the help of 57 Fe MS, XRD, EMR and X-ray fluorescence (XRF) methods.
Experimental
The original Ca-montmorillonite collected in the region of Istenmezeje, Hungary. Elemental analysis of the original Ca-bentonite resulted in the following composition: 73.29% SiO 2 , 18.71% Al 2 O 3 , 1.48% Fe-oxide, 2.29% CaO and 4.23% MgO. The analysis was performed with RÖNTEC EDR288 energy dispersive X-ray spectrometer.
The rare-earth bentonites were prepared from Ca-bentonite by suspending the Ca-bentonite in rare-earth (Ce, La, Y) perchlorate solution under intense stirring for 5 h at room temperature. 2 g Ca-bentonite starting material was suspended in 20 cm 3 of the rare earth-perchlorate (pH = 5-5.5, ∼ 0.1 mol dm −3 ). The procedure was repeated 3 times. At the end the products were washed with tridistilled water and air-dried. The heat treatment of samples was performed at 250°C, 360°C and 500°C for 4 h.
Rare earth and iron concentration of samples were determined by an energy dispersive X-ray fluorescence system. The parts of the system were: radioactive source (185 MBq 241 Am for rare earth analysis, tungsten X-ray tube (type: S6000, Oxford Instruments, Scotts Valley, CA 95066, USA) for iron), Si(Li) detector with 20 mm 2 surface, 3.5 mm evaporated layer, Canberra DSA 1000 digital spectrum analyzer, Canberra Genie 2000 3.0 spectroscopy software. XRD diffractograms were recorded using a Philips PW1710 powder diffractometer equipped with a CuK α source and a graphite monochromator (operating at 30 mA, 40 kV). The scan rate was 2°2θ/min. 57 Fe Mössbauer measurements of powdered samples were performed with WISSEL spectrometer in transmission geometry at 80 K and 298 K using a JANIS He cryostat and 20 mCi activity 57 Co/Rh sources. The isomer shifts are given relatively to α-Fe. The Mössbauer spectra were evaluated by least-square fitting using the MOSSWINN program [5] .
X-band electron magnetic resonance (EMR) spectroscopy measurements were performed at room temperature with a Bruker ElexSys E500 spectrometer, in each case on~50 mg powder of Ce-montmorillonite. The conditions of EMR measurements involved a modulation frequency of 100 kHz, modulation amplitude of 5 G, microwave power of~2 mW and microwave frequency of f ≈ 9.3 GHz. The spectra were scanned in the magnetic field range of 100...10900 G with a sweep time of~84 s, with 4 sweeps accumulated in each case in 2048 data channels.
Results and discussion
Powder X-ray diffractograms of Ce-montmorillonite heat treated at 250°C, 360°C and 500°C are shown in Fig. 1 . The diffractograms correspond well to those reported earlier for rare earth-bentonites (without heat treatment) [4] except the appearance of additional lines of muscovite. The most important difference among the diffractograms was found in the difference of the relative occurrence of muscovite compared to the montmorillonite. The relative occurrence of muscovite gradually increases, the relative occurrence of montmorillonite decreases with increasing temperature of heat treatment. This reflect that a phase transformation of montmorillonite to muscovite occur upon the effect of the heat treatments. The rate of the phase transformation increases with increasing temperature of heat treatment. The decomposition of montmorillonite and smectite to mica phase transformations upon aging has already been reported [6] [7] [8] . 57 Fe Mössbauer spectra, recorded at 293 K and 80 K, of montmorillonite treated at 250°C (a), 360°C (b) and 500°C are shown in Fig. 2 . The room temperature Mössbauer spectra of heat treated rare-earth substituted samples were decomposed into two doublets. The major doublet (D1), with average Mössbauer parameters indicated in Table 1 , was assigned to Fe 3+ at the (cis) octahedral sites, since Mössbauer spectra of rare earth montmorillonites before heat treatments showed a doublet with similar parameters at room temperature, reflecting dominantly Fe 3+ at (cis) octahedral site [4] . The minor doublet D2, appeared in the spectra of heat treated samples, have Mössbauer parameters (Table 1 ) with values the quadrupole splitting being about the twice than those belonging to doublet D1, which suggest the assignment of doublet D2 to Fe 3+ at trans octahedral site.
At the same time, the 80 K spectra of Ce, La and Y montmorillonites revealed an additional magnetically split component, S, too, associated with iron atoms intercalated in the interlayer space. This result corresponds to those obtained earlier [3, 4] . Similar magnetic component was found in the 80 K spectra of montmorillonite samples before the heat treatment [3, 4] . In the case of heat treated samples, the new doublet component D2 (Δ ≈ 2 Δ cis ), corresponding to Fe 3+ at trans octahedral site, appeared in both the 295 K and 80 K Mössbauer spectra (Fig. 2) . Taking into consideration the XRD results for the partial montmorillonite to muscovite transformation (Table 1 ) and the knowledge that iron occupies Fe 3+ trans octahedral site in muscovite, which does not often occur with montmorillonite, D2 doublet can be mainly associated with iron atoms being Fe 3+ at trans octahedral site in muscovite. The Mössbauer parameters obtained for D2 are also consistent with those characteristic Fe 3+ at trans octahedral site [8] . In this way, the Mössbauer spectroscopy can follow the montmorillonite to muscovite phase transformation upon the heat treatment in the rare-earth montmorillonites. However, the relative areas of components presented in Table 1 cannot give exact data on the rate of the transformation because the D1 doublet can be considered as the superposition of Fe 3+ atoms being at cis octahedral site both in montmorillonite and in muscovite. However, this may not be significant since Fe 3+ in muscovite prefers the cis octahedral site [9] . Another problem of the analysis can be that the room temperature Mössbauer spectra should contain one more doublet in strong overlapping mainly with the D1 doublet, belonging to the superparamagnetic state of interlayer iron atoms which presence is indicated by the sextets in the 80 K spectra [4] . In spite of these difficulties the gradually increasing transformation of montmorillonite to muscovite with the temperature of heat treatment can be followed by Mössbauer spectroscopy which corroborate the XRD results. If we take into consideration the relative area contribution of interlayer iron in 293 K spectra correspondingly that of the sextets in the 80 K spectra, furthermore supposing all Fe 3+ in muscovite being at trans octahedral site, we can obtain data from the Mössbauer analysis for the rate of transformation which are consistent with those derived from the XRD analysis considering the iron content of the samples.
The slight decrease, with the temperature of heat treatment, of the occurrence of the additional magnetically split component, S, in the 80 K spectra, reflecting interlayer iron in these heat treated rare earth montmorillonites, is consistent with the partial transformation of montmorillonite upon the heat treatments.
X-band EMR spectra of the heat treated rare earth montmorillonite samples are shown in Fig. 3 . The signal extending from ca. 700 G to 2000 G, which rangedenoted with "Fe 3+ Fig. 3 EMR spectra of Ce-bentonites heat treated at 250°C (a), 360°C (b) and 500°C (c). Apart from an arbitrary shift along the vertical axis, the spectra are proportional to dA/dB, i.e. the first derivative of the power of microwave absorption with respect to the applied magnetic field. The signal observed in the magnetic field range denoted with "Fe 3+ (PM)" refers to the presence of paramagnetic Fe 3+ ions in a variety of rhombic crystal field environments (PM)" on Fig. 3 is equivalent to g eff ≈ 9.5...3.3, refers to the presence of paramagnetic Fe 3+ ions being situated in a variety of rhombic crystal field environments. In accordance with previous results [10] , this signal may be associated with Fe 3+ ions at octahedral sites with various degree of rhombic distortion. The shape of the EMR signal in this range refers to the presence of a distribution in the rhombicity, and consequently to a corresponding distribution in the EFG asymmetry parameter (η) associated with octahedral Fe 3+ ligand field environments [11] . This is expected to lead to a moderate quadrupole splitting distribution in corresponding 57 Fe Mössbauer spectra, possibly appearing as an additional broadening of the absorption peaks of the associated quadrupole doublet(s). The montmorillonite to muscovite phase transformation revealed by the XRD diffractograms (Fig. 1) , and the related change in the ratio of cis and trans octahedral Fe 3+ site occurrences may be connected to the gradual change (narrowing) in the shape of the EMR signal at around 1580 G (g eff ≈ 4.2) as the heat treatment temperature increases from 250°C (Fig. 3a) to 500°C (Fig. 3c ).
Beside the above treated paramagnetic component, the EMR spectra of Ce-bentonites also display a broad (with a peak-to-peak width of ca. Γ pp ≈ 10 3 G) component centered at around 3000 G (g eff ≈ 2.2), which is a typical trait of montmorillonites with a high iron concentration [10] , and can originate from a multitude of small particles with exchange coupled magnetic ions, such as iron oxides and/or iron oxide hydrates intercalated in the interlayer space [10] . The same particles may then be responsible for the appearance of the sextet component in the 57 Fe Mössbauer spectra at 80 K (Table 1, Fig. 2 ).
Overall the EMR spectra appear to be consistent with the XRD and Mössbauer spectroscopy results.
Conclusions
XRD indicated a partial phase transformation of montmorillonite to muscovite in rare-earth substituted montmorillonites after heat treatments at 250°C, 360°C and 500°C, which rate showed a gradual increase with increasing temperature of the heat treatment. Simultaneously, a new doublet, assigned to Fe 3+ trans octahedral site, appeared in the 57 Fe Mössbauer spectra of the heat treated rare-earth substituted montmorillonites. By attributing the occurrence of Fe 3+ trans octahedral sites being in muscovite, the changes observed in the Mössbauer spectra with the heat treatments were interpreted in the term of montmorillonite to muscovite phase transformation and completed the XRD results. Furthermore, an additional magnetically split component in the 80 K spectra showed the presence of interlayer iron in these of heat treated rare-earth montmorillonites. The EMR spectra were consistent with the presence of iron oxides and/or iron oxide hydrates intercalated in the interlayer space, thereby corroborating the Mössbauer spectroscopy results.
